Introduction
Both among vertebrates and among Crustacea one commonly meets with two co-existent modes of chromatic response to photic stimulation. One is the dispersion (" expansion") of melanophores and certain other chromatophores under the local (primary) influence of light on the skin. The other is aggregation (" contraction" ) of melanophores and of certain other chromatophores when light reflected from the surroundings impinges on the organs of vision, in contradistinction to dispersion (" expansion" ) when only overhead illumination strikes the eye. Though the primary (local) response is usually subordinate to and is more or less overruled by the secondary or visual response, the relative importance of the two components varies within wide limits. In particular species either may be negligible in comparison with the other.
When, as more commonly, both contribute significantly to the observed result, a blinded animal is necessarily more pale in darkness than in light. Probably this fact influenced all the earlier investigators who, including the senior author (1924) , paid little attention to the otherwise paradoxical fact th at animals kept on a " black background" (i.e. under conditions of overhead illumination in light absorbing surroundings) are much darker than animals kept in similar conditions with no light at all. Subsequent analysis of the normal course of colour change, both in vertebrates and in Crustacea, has shown that this is also true of species which have no appreciable primary response, and that the difference generally exceeds the limits of variation consistent with the co-existence of a detectable primary response. I t is therefore clear that the difference between the " white background" response and the " black background" response is not due to intensity alone.
The fact that it is not an intensity effect leads us to ask whether it is due to spatial differences among the receptive elements in the visual organs [ 317 ] or of their nervous connexions. Hogben and Slome (1936) have shown that the difference between white and black background responses of Amphibia depends on the orientation of retinal elements which are intrinsically different. Overhead illumination in a black container involves stimulation of a restricted area of the floor of the retina by rays compressed in a cone of which the half-angle is the critical angle for air and water. This area is the specific receptor field of the black background response. The experiments of Hogben and Slome were based on a species ( laevis) with eyes directed upwards. By a different class of experiments on a species ( heteroclitus) with lateral eyes Butcher (1938) has since demonstrated differentiation of receptive fields for the black and white background responses of fishes. Butcher was also able to detect morphological differences in the ventral and the dorsal portions which respectively include the receptor fields for the black and white background responses. Smith (1938) has published evidence pointing to the same general conclusions with reference to chromatic behaviour in Crustacea (Ligia).
While previous work sufficiently demonstrates the dual character of the receptive field involved in the secondary response, experiments on verte brate types carried out so far have not supplied the necessary data for prescribing the precise limits of one or the other. Such data necessarily include more information about the optical properties of the eyes of the lower vertebrates than is at present available.
The present enquiry was first undertaken to clarify this issue. The experiments recorded in this communication deal with the stickleback (Gasterosteus aculeatus Linn.). The most straightforward way of delimiting the receptor fields for the black and white background responses is to compare response to overhead and inferior illumination in containers of various sorts. The possibility th a t a given area of the retina is neutral from this standpoint implies th at the animal behaves as it would behave in darkness when illumination is restricted to such a region. This pre supposes the possibility of distinguishing clearly between normal chromatic behaviour in darkness and the white or black background responses to overhead illumination.
Among Amphibia the equilibrium condition of the dermal melanophores in darkness is usually midway between the extremes for white or black background equilibrium with overhead illumination. Among bony fishes it may be indistinguishable from the white background response. Hence the terms " pale" and " d a rk " phase used by some contemporaries are highly misleading. To discriminate clearly between the white back ground response and the equilibrium conditions of fish melanophores, it is essential to describe the microscopic phenomena of colour change with the greatest practicable precision and to discriminate between the process of reaching equilibrium in different conditions of illumination. Quantitative methods for recording the behaviour of pigmentary effectors have been proposed by Hogben and Slome (1931) , by Hill, Parkinson and Solandt (1935) and by Wykes (1937) . Objections to the last two are fully discussed by Neill in a communication which will shortly be published from this laboratory. It is therefore unnecessary to discuss them in this context. The melanophore index (m.i .) of Hogben and Slome is used in the tables set forth below.
Essential precautions in observations on FISH MELANOPHORES
It will be subsequently shown th at Gasterosteus has no primary response which is detectable on the m.i . scale. Thus the melanophores of sticklebacks kept in darkness and the melanophores of sticklebacks kept with overhead illumination in a white container would both be described as " contracted" by workers who record their observations in this form. It is therefore advantageous to have a second criterion for discriminating between the two. It will now be shown th at the time graph gives a decisive one. In what follows all figures for the m.i . were based on melanophores of approximately the same situation ( xi n figure 1). In determine the time graph of normal response showed that mechanical contact inhibits colour change in Gasterosteus. This could be recognized macroscopically. Microscopic observations on individual fish at varying intervals after removal from their containers for examination yielded the following mean figures for the melanophore index:
L . H o g b e n a n d F . L a n d g re b e 7 30 60 120 (sec.) From black background 4-7 4-3 3-8 3-7 From white background 1-3 1-8 2-3 2-3 W ith the exception of the one shown in figure 2 all time graphs subse quently recorded were therefore based on the average of six to twelve individuals which had not been previously recorded during the course of the experiment. The time graphs in figure 2 show the distortion which would have resulted if this precaution had not been taken. _■ hours F ig u r e 2. Tim e graphs of tran sitio n from w hite to black background equihbrium an d vice versa w ith overhead illum ination. E ach w hite square and each white circle is based on th e m ean m elanophore index of th irty fish recorded on that occasion only an d th e n discarded. E ach black circle represents th e m ean figure for one and the sam e group of te n fishes recorded successively. E ach black square represents the m ean figure for an o th er group recorded successively.
Owing to the rapidity of the initial stages of background response it is essential to make each determination of the m .i . as quickly as possible. A satisfactory device which keeps the time taken after a little practice within 5 sec. is to keep each fish in a separate tube immersed in the container. The tubes (figure 3) used were constructed with a large hole through which the fish could be introduced, and at each end, a flat hole sufficiently wide to allow the tail of the fish to project from it on to the microscope stage during observation. In the tubes used fish under l j in. long respond normally. All fishes used in this investigation were between | and 1 in. long.
Another necessary precaution in making reliable observations is proper control of temperature. In our experience 12° C proved to be the optimum for background response. A sudden deviation of more than 2° C on either side profoundly affects the chromatic behaviour of Gasterosteus. All our recorded experiments were therefore carried out with thermostatic control at 12± 1°C. Chromatic behaviour of sticklebacks is also influenced by pollution. In experiments of long duration (e.g. those recorded in figure 6 ) the fish were kept in running water by the arrangement shown in figure 4. 
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Time relations of chromatic behaviour in Gasterosteus
The importance of studying time relations has already been emphasized by one author (L. H.) in connexion with the analysis of the co-ordinating machinery of colour change. In any behaviour-isolate the period which elapses between the application of a stimulus and the maximum response is made up of three components: (a) the latent period of the receptor; (6) the rate of transmission in the co-ordinating system ; and (c) the reaction time of the effector. The few available figures for (c) based on response to hormones, to other reagents in perfusion experiments or to local electrical stimulation, show th at pigmentary effector organs react very slowly. So in general (a) and (6) are always negligible compared with (c) if co-ordination is wholly nervous. If the time taken to reach equilibrium is greater than one hour we may generally infer the intervention of chemical co-ordination. The reaction time of the melanophores of Gasterosteus is extremely rapid in comparison with th at of the Amphibian type. Complete contraction of fully expanded melanophores of Gasterosteus can be brought about by the action of adrenalin within 3 min. This means that, if the co-ordination of colour change in Gasterosteus is exclusively nervous, equilibrium should be accomplished within a period not exceeding 5 min.
Within wide limits the intensity of illumination has no effect on the rapidity of response to background reversal. No significant deviations at corresponding intervals are seen in table 1, in which each mean figure is L . H o g b e n a n d F . L a n d g re b e F ig u r e 4 based on a separate batch of ten fish which had not been handled since the beginning of the experiment. The mean figures of all three intensity groups have therefore been combined to draft the standard (i.e. the uppermost and lowermost) time graphs shown in figure 2.
The fact th at readings of the m.i . over such a wide range of intensity reveal no significant differences indicates th at any 'primary response of Gasterosteus is too small to be detected by the method used. This means that the eyeless fish exposed to daylight should have the same m.i . as the Since equilibrium is reached only after the lapse of a period sufficiently long to produce results due to pollution, the experiment summarized in figure 6 was carried out with the precautions shown in figure 4 . The time relations of normal response to overhead illumination are set forth in the next two figures (figures 5, 6). The time graphs of colour changes in Gasterosteus exhibit two noteworthy features:
(а) Though the initial stages of background response are rapid the final stages are prolonged (figure 5).
(б) The protracted transition to equilibrium in darkness (figure 6) is of a different order of magnitude from the background response.
These features of the time relations of colour change in Gasterosteus are significant in connexion with the evolutionary view of chromatic behaviour put forward by Hogben and his associates on the basis of their work on Xenopus laevis, the chameleon and various species of Elasmobranch fishes.
According to this view we must distinguish between two essentially different aspects of colour change:
(a) W hat happens when an animal is brought out of darkness into light and vice versa?
L . H o g b e n a n d F . L a n d g re b e hours minutes (6) W hat happens when an animal is transferred from overhead illumination in light reflecting to overhead illumination in light absorbing surroundings and vice versa?
A hypothesis which brings all the data hitherto recorded into line is that in vertebrates generally {a) results from secretion or excretion of the B hormone of the pars intermedia of the pituitary gland, and th at (6) results either from the secretion (or excretion) of a second hormone ( located in the pars tuberalis (or in some other gland controlled by it), or from direct nervous control secondarily superimposed upon, and to a greater or less extent replacing, a more archaic humoral mechanism. This eclectic view which receives fresh support from enquiries by Neill and by Waring (1939) , on the chromatic behaviour of the eel in this laboratory is opposed by Parker and his colleagues who do not contest the recorded evidence derived from the intensive study of Xenopus, but prefer to adopt an ad hoc view of chromatic behaviour in the species which they have studied.
The difference of outlook which at present separates the two schools of workers on colour change arises partly from the fact th at Parker and his colleagues distinguish only two phases, the " d ark " and the " pale" and have refrained from pursuing their enquiries into the respective time relations of the white-black background and the light-darkness changes. Of the two features of our time graphs stated above, the first, which could not be detected by the descriptive methods which Parker and his colleagues continue to use, is consistent with the view th at the white background response is brought about by a peripheral nervous, superimposed on a more archaic humoral, control which reinforces it in the final stages. The second conclusively shows that the co-ordinating mechanism responsible for the transition from light to darkness is different from the co-ordinating mechanism responsible for background interchange.
Several investigators have shown that some Teleostei do not respond to the action of pituitrin, i.e. to B containing extracts when it is injected in the " pale phase " ; and this is apparently felt to be an insuperable objection to a generalized hypothesis such as stated above. Since observers who have recorded negative results of this kind have invariably used animals which have been made pale by transference to a white background in daylight, the experiment has no relevance to the issue. The hypothesis put forward in the foregoing remarks implies th at in species which have acquired nervous control, the latter can override the action of B which is liberated into the circulation when animals are brought out of darkness into light. Ex hypothesi nervous stimulation resulting from exposure to light on a white background therefore antagonizes the action of B. Hence we need not expect B to act on animals exposed to a white background in light.
On the other hand we should expect that extracts containing B would antagonize the pallor induced by keeping fish darkness. From the standpoint of the present investigation the striking difference between the time graph of the pallor which ensues in total darkness and the time graph of pallor which results from transference to a white from a black background with overhead illumination gives us a new and more delicate means of discriminating between the two physiological processes which Parker calls the pale phase. W ith this additional in disposal we can confidently distinguish between regions of the retina which are neutral and regions of the retina which initiate the white background response when stimulated.
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The optical system of the eye of
In his recent investigation of retinal orientation with respect to chromatic behaviour of Fundulus, Butcher (1938) has recorded the effect of superior and inferior illumination when the upper half or the lower half of the eyes are masked. This procedure is not necessary for the present purpose and cannot give precise information concerning the limits of the regions concerned with the background responses. As already pointed out by Hogben and Slome (1936) , the limits of incident radiation which enters the eye of an aquatic species when no light is scattered or reflected from the walls of the container itself, are defined by the cone whose half angle is the critical angle for water, i.e. 49°. To define limits of stimulation in the situations described in Butcher's enquiry it is therefore sufficient to know: (a) the extent to which incident rays are refracted by the optical system of the eye itself, and (6) the relative dimensions of its constituent parts. Before describing our own experiments on the effect of changing the direction of incident light, we shall therefore set forth our observations on the dimensions and on the optical properties of the constituent parts of the eye of the stickleback.
Dimensions. The eye of a teleostean fish differs from th at of a land vertebrate both with respect to its dimensions and to its structural characteristics. Two im portant structural differences are: (a) the absence of ciliary muscles, ( b) paucity of contractile elements in the iri histological examination did not reveal the presence of clearly defined muscle fibres in the latter. Injection of 5% pilocarpine or 5% atropine beneath the cornea and direct electrical stimulation of the iris alike failed to produce any detectable change in the size of the pupil.
The principal dimensional characteristics which distinguish the Teleostean eye from th at of a Tetrapod a re : (i) the sphericity of the lens and (ii) the great lateral compression of the eye as a whole about the axis passing through the blind spot, lens and cornea. With regard to the sphericity of the lens two Vernier microscope measurements made on diameters at right angles may be cited as typical. The mean radius of the first was 0-7275 + 0-0275, i.e. a deviation of 3 | % from the mean value for rectangular radii. This lens had been allowed to dry slightly. A second, kept moist throughout, gave the figure 0-83 ±0-01, i.e. the deviation of two radii at right angles was 1|% of the mean value. From the standpoint of geo metrical optics we may therefore treat the lens of the eye of as a perfect sphere without introducing errors of an order exceeding the accuracy of our micrometer estimates. The radius of curvature of the cornea determined by measurement of the depth of the pupil and width of the iris of an eye with pupil aperture 1-9 mm. and lens of 0-83 mm. wT as 1-8 mm., i.e. the radius of curvature of the cornea and lens may be taken as approximately 2-2 : 1.
The scale diagram of the eye shown in figure 7 is based partly on microscopic sections and partly on micrometer measurements of the living eye. The figures summarized below (table 2) are representative: 
Refractive indices of the media
According to Duke Elder the lens of the human eye is " made of many zones which are not concentric with each other and which vary in optical density very considerably from the periphery to the centre. The most reliable measurements are those of Frey tag (1907) who found the index of the cortex at the anterior and posterior poles to be 1-387 and 1-385, while that of the centre was 1-406." The refractive index of the human cornea as determined by Matthiessen (1891) and by Lohnstein (1897) is 1-38. That of the corneal epithelium is higher, being 1-416 (Fischer 1927). Correct to three decimal places the values for the aqueous and vitreous humours of the human eye as determined by numerous investigators are the same, viz. 1-336.
Since the cornea of the eye of Oasterosteus is very thin, the relevant data for an approximate reconstruction of the path of the critical ray inside the eyeball are the refractive indices of the vitreous humour and of the lens. Our own measurements of the vitreous humour of determined by means of an Abbe Refractometer were:
This gives a mean value, /iv = 1-360.
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The determination of the refractive index of the lens cannot be made with a refractometer. Preliminary attem pts to obtain a value by the immersion method (over the range [i = 1-25-1-60) were unsuccessful. For a reason which will appear later this method is unsuitable for the purpose. Two independent methods were subsequently used: ( a comparison of Vernier microscope measurements of the real depth of an object (lycopodium powder) on a glass slide with those of its apparent depth through the vertical optical axis; (b) Vernier microscope measurements of the focal distance of the real image of a distant object.
The results obtained in successive determinations by the ratio of the real to the apparent depth differed considerably. The following are typical: As an independent check on this estimate we next tried the focal distance method. For a spherical lens of focal distance (measured from the centre of the sphere) / radius r and refractive index 2f(y-l)=ry.
In this formula / and r are easy to measure. The procedure for the lens of Gasterosteus is as follows: The lens is removed, placed with a camel hair brush on a piece of filter paper to remove moisture (aqueous humour), and transferred immediately to a glass slide on the stage of a Vernier microscope with eye piece micrometer. Images of distant objects reflected by the microscope mirror are found by the lens. Such images are very clear. I t is possible to read print or see bubbles from the aerating orifice in an aquarium jar at the end of the room. The relevant measurements of the position of the image and of the upper and lower boundaries of the lens can be made in a few seconds without any danger of desiccation. Values for y calculated from eight eyes are shown below (table 3). All the fish used were about 7 cm. long. The figures for [i estimated in this way are much more consistent than those based on the real-apparent depth method. The mean is very slightly higher than water. So if they were correct the lens could not function as such when the eye is submerged in water. To test this surprising conclusion we therefore repeated our determination on a glass slide with a high collar containing water into which the microscope objective could dip. We then found th at the focal distance of the lens of the eye of Gasterosteus is only slightly greater in water than in air. This unforeseen paradox admits of only one explanation which explains the failure of the immersion method and the discrepancy between the means estimated by the real-apparent distance method and from the focal distance in air. The formula used for the latter assumes th at the lens is homogeneous. If it is not homogeneous the method is not valid. In stained sections of the eye it is noticeable th at the lens has a rind and a concentric spherical core, which is roughly half the diameter of the whole lens. If the outer rind has a refractive index approximately equi valent to th at of water it will be optically non-existent when immersed therein, and the inner core alone will be instrumental in forming images. The problem set by the data before us therefore raises the question, what is the refractive index of a spherical lens which has, in water, roughly the same focal distance as a water-lens of twice its dimensions in air ? According to the formula the relative refractive index referred to water must be about 1*11 corresponding to an absolute refractive index of roughly 1*5. At this stage we therefore studied the optical properties of a compound spherical lens with an outer shell of water and an inner core of glycerine (yu = T47) or carbon bisulphide xylol mixtures ( / = circa T52).
The properties of these models will be discussed below. Meanwhile it was found th at if the lens is immersed in water for about 10 min., it is easy to peel off a relatively soft shell leaving behind an apparently homo geneous core which is extremely resistant to pressure. From seven determinations of the ratio of the radius of this core to th at of the whole lens, we obtained the mean value 0-478 with a maximum error 0-027 and a standard deviation of the mean figure equal to 0-004. On this basis the estimated values of the diameter of the core are calculated in the ensuing table (table 4) which gives the focal distance of the whole lens immersed in water, the relative refractive index (/q) of the core (referred to water) and its absolute refractive index (/q) obtained by multiplying the latter by 1-33. These calculations, which yield a mean refractive index of 1-49 and a focal distance of the lens when immersed of 1-126 times the diameter of the whole lens, are based on the assumption th at the outer rind is optically neutral in water, i.e. th at its refractive index is approximately the same as th at of water. 
Physical models of the lens
The mean focal distance of the whole lens in air is shown in the preceding tables to be 1*59 4-1*62 times the diameter of the latter. Its mean focal distance in water is 1*13 times its diameter. Hence the ratio of the focal distance of the whole lens in air to the focal distance in water is 1*59 4-(1*62 x 1*13) = 0*87. The radius of the inner spherical core to th at of the shell of the lens is approximately 0*475. On the assumption th at the air-image is formed by refraction through the shell and the waterimage by refraction through the core, the refractive index of the shell is approximately the same as th at of water (1*34) and the refractive index of the core is estimated to be about 1*5.
The validity of this reasoning depends on whether it is possible to make a model with similar properties. A model which sufficiently reproduces these assumptions may be made by immersing a small spherical flask (figure 8) containing a fluid of high refractive index in water inside a spherical flask with a wide neck. Such com bination lenses have the property of forming separate images of distant objects in air. The position of the hindmost image approximately corresponds to the focus of a water lens. Since it can be completely eliminated by placing in front of the combination lens a diaphragm with a circular aperture whose diameter does not exceed that of the inner sphere, the hindmost image is evidently formed by refraction through the shell alone.
The measurements made with such models and their relevance to the present topic are subject to limitations arising from the depth of the image and the difficulty of getting flasks of guaranteed sphericity. Hence focal distances calculable from the spherical lens formula are given in parenthesis below for comparison with the observed figures (inches). With a com bination of water and glycerine (ju = 1-47) the of a lens with the dimensions postulated (c-r-a = 0-475) in air to its focal distance in water was 0-75. When a carbon bisulphide and xylol mixture of refractive index 1-51 was substituted the ratio was 0-84. Making allowance for the inaccuracies inherent in the design of the models this is close enough to the mean value 0-87 for the lens of Gasterosteus to sub stantiate the conclusion th a t the latter consists of an outer shell of approximately the same refractive index as water and an inner core of high refractive index, viz. about 1-5.
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Position of the image in situ
Since the refractive index of the vitreous humour is (T36) very close to th a t of water, the essential features of the optical system of the eye of the stickleback are reproduced by the lens when it is immersed in water. From sections of fixed material the gap between the lens and the retina appears to vary between about 0-45 in the centre and 0-65 times the lens diameter towards the periphery. Since the focal distance in water is 1-13 (in the same units) or 1-13 -f-0-50 = 0-63 from the inner surface of the lens, the surface of the peripheral region of the retina corresponds closely to the position where the rays come to a focus. In reality these estimates are biased by distortion due to fixation. The position of the image can be determined directly, if the eye is immersed in water with the lens facing the mirror below the microscope stage. A window can then be cut in the back of the eye, and an image of distant objects formed when the lens is surrounded by the intact cornea on one side and the vitreous humour on the other, can then be seen to be on the inner surface of the latter in the centre of the inner wall of the eyeball.
The effects of inferior illumination
We are now in a position to map the regions of the retina affected when the eye is illuminated from above and below. Under conditions of overhead illumination (figure 7) in a container which does not reflect or scatter light no ray can enter the eye if it is more acute (to the normal) th at the critical ray (1) which passes through the optical centre of the inner or effective lens. All rays parallel to the critical ray are brought to a focus on the retina at approximately the same place well below the blind spot. Any ray (2) which is less acute will be refracted outwards towards the periphery. A ray (3) which just fails to penetrate beyond the optically neutral shell of the lens will just reach the outer margin of the retina at B. This means th at the region effectively concerned with the normal black background response under conditions of overhead illumination lies between the points A and B.
When the fish is illuminated from below in a container which does not reflect or scatter light from the top or sides, the only part of the retina which is illuminated lies between the point C where the critical ray strikes it and the outer margin bounded by the iris. Hence we have before us three initial possibilities to investigate:
(а) If inferior illumination in a black container with a black top repro duces the white background response any part of the retina except the " B " area between A and B may be effectively concerned with the white background response.
(б) If inferior illumination in a black container with a black top evokes the black background response the effective receptor field for the white background response is a central zone defined by a curvilinear boundary with upper and lower limits at G and A, while the effective receptor field of the black background response lies in the entire peripheral zone dorsal to C and ventral to A in vertical section.
(c) If inferior illumination in a black container with a black top evokes the same response as keeping the fish in darkness, the effective receptor field for the white background response is the central zone within the limits C and A, while the peripheral region dorsal to C is neutral as far as colour change is concerned.
The arrangement used for comparing the response to inferior and to superior illumination in containers with black sides and black tops or bottoms was the same as th a t used in other investigations from this laboratory, and has been described already by Smith (1938) in one of its publications. The ensuing table shows th at when the container has a black top and black sides, pale or dark sticklebacks slowly approach the equili brium figure characteristic for fish kept in darkness. Both the time relations (table 6) and the equilibrium value to which both sets converge prove th at the effect of restricting illumination to the peripheral region dorsal to C is the same as when no light enters the eye.
L . H o g b e n a n d F . L a n d g re b e This means th a t the effective receptor field for the black background response is confined within the limits AB and the effective receptor field for the white background response is confined within the limits CA. We may still ask whether the whole of the area CA effectively controls the white background response or whether the limits can be made more narrow. The results of comparing the effects of overhead illumination in containers with (a) black bottoms and black sides, ( ) white bottoms and white sides, (c) white bottoms and black sides and ( ) black bottoms and white sides, throw further light on this (table 7) . The fish were held in their tubes (figure 2) in the centre of the containers of diameter 5 in. and height 2 \ in. Since rays scattered from the floor and from the sides of the container are concurrently necessary to evoke a full white background response we may conclude th a t the effective W area extends over the whole central zone between the limits C and A above and below the blind spot. The conclusions stated in the foregoing paragraphs are contrary to those which Butcher (1938) has based on experiments with Fundulus. Like ourselves he concluded th at the effective B area was a ventral region such as that between B and A. Unlike ourselves he also concluded that the effective receptor field for the white background response is the entire region of the retina dorsal to A. Butcher's analysis was based on experiments of two types:
(a) The effect of rotating the eye in situ. (b) Superior and inferior illumination in containers of various types after covering the dorsal or ventral half of each eye with a sheath.
It is possible th at the eye of Fundulus and the eye of Gasterosteus are fundamentally different with respect to their relation to the chromatic function. On the other hand, it is equally possible th at the facts described by Butcher admit of an alternative interpretation. Butcher describes his fish as " pale", " interm ediate" or " d ark " , and uses no quantitative rating of the micro-response. He regards " pallor" as diagnostic of the white background response, and gives no indication of how the white background response of Fundulus differs from the effect of prolonged exposure to darkness. Concerning the latter, the only recorded information at our disposal is the statement of Parker and Lanchner (1922): " in the dark is light coloured and on exposure to the light shows a temporary darkening."
These words are consonant with our experience of many species of Teleostei which have been studied in this laboratory. In general teleosts which exhibit comparatively rapid background responses are macroscopically pale in darkness, and may even yield (e.g. trout)* a lower m.i . than for the white background response with overhead illumination. The all-important criterion of the two types of pallor is therefore the time graph. Since Butcher does not fecord information of this kind, the published data concerning the receptive fields in the eye of Fundulus are equally consistent with his own interpretation or with the conclusions which emerge from our own study of Gasterosteus.
The visible spectrum of Gasterosteus
The delimitation of two fields in the retina of Gasterosteus by the experiments described in the preceding section admits of two possible interpretations:
(a) The photo-receptive elements of the B and W regions are quali tatively different.
(b) While the photo-receptive elements of the B and W regions are alike, their central connexions are different.
I t might be possible to establish (6) by the laborious method of nerve degeneration after the destruction of the superficial layers of the retina in one or other of the regions defined. Alternatively, (a) could be esta blished if there were a visible histological differentiation of the local photo-receptors or if the response of the latter could be shown to depend on circumstances other than the accident of situation. Hogben and Slome (1936) have recorded a qualitative difference of the B and W receptors in the eye of Xenopus. In this species their experiments indicated th black and white background response are sensitive to different regions of the spectrum.
Few recorded observations on the relation of wave-length to chromatic behaviour are conclusive. The literature of the subject contains many records of response to coloured background without any information to indicate the absorption spectrum of the pigments used. So the assertion th a t a particular type of response occurs when an animal is placed on a red background might for example signify the direct effect of rays in the red region or the result of reducing radiation in the green region. The reflection data for two red and two yellow pigments as given below (table 8) are worth citing to emphasize the erroneous conclusions which can be drawn from observations of this type.
L . H o g b e n a n d F . L a n d g re b e A less elementary ambiguity is a common feature of many observations by investigators who have taken the precaution to study the effect of monochromatic light transm itted by standard filters without regard to the total energy transm itted or to variations of the total energy emitted by the source in different regions of the spectrum. To discriminate between the specific effect of the region selected and the total energy content of the beam transm itted we may adopt one of two methods. If the total energy in different regions of the spectrum emitted by the source and the percentage absorption curve of the filter are both available, we can assign values of total energy transm itted through a given filter, and compare the reactions of animals exposed to different levels with different filters. This was the method used by Hogben and Slome (193 6) in work on Xenopus. Alternatively, we may arrange the distance of the source to transmit equivalent energy of radiation when one filter is substituted for another by direct measure ment with a photronic cell whose sensitivity for equivalent energy absorbed is known. This is the method which we have used in the present in vestigation. The procedure is indicated in figure 9 . The middle curve (" cell") shows the relative sensitivity of the Weston photronic cell for equivalent energy content in different regions of the spectrum. The two curves for the filters give the percentage transmission at various wave-lengths. The point where the mean ordinate of the filter-transmission curve cuts the cell-sensitivity graph enables us to read off the sensitivity of the cell for the same energy content at the mean wave-length transmitted by the filter. Thus if the cell reading for a fixed position of the source is X //A when filter 18 A is used, the source must be raised or lowered till the cell delivers (24 -4-28) X if we wish to get a beam of equal energy content from the same source on substituting filter 29 for 18 A.
The pigmentary effector system
The sense in which the " mean ordinate" of filter 29 is here used needs to be specified. All the filters used transmit freely in the infra-red, i.e. >700 fip. Hence it is not possible to give a mean ordinate for each filter unless we confine ourselves to wave-lengths < 700 pi/i. Since experiment showed th at Gasterosteus gives no reaction to radiation above 700 we are entitled to regard the region of the spectrum beyond this limit as neutral for the object of the present enquiry. The source of illumination was a Hanovia mercury lamp, enclosed in light-proof box with cooling device and window to hold the filter or combination of filters used. It was suspended by a pulley from the roof so th at it could be lowered or raised to give the appropriate reading of the galvanometer in circuit with a photronic cell. The following table gives the distances of the same source a t which we obtained a cell current corresponding to equal energy content transm itted by the W ratten filters specified. Table 9 L . H o g b e n a n d F . L a n d g re b e The time graphs given in the preceding section were based on illumination with different sources, namely daylight, or a tungsten lamp. When the tungsten source was placed to give " dim " illumination in these experiments the photronic cell in the position occupied by the container for the fish yielded a current of 0-63 pi A. The mean wave-length for the tungsten lamp is about 580 pipi in the range 400-700, and at this value the sensitivity of the cell is 100. For the same energy content as transmitted by filter 18 A in table 9 the cell current would be 100-h 24(0-20) = 0-83 amp. Hence the intensity of the dim tungsten light in the foregoing experiments was less than th at transm itted in the experiments below, and since the fish responded to dim tungsten illumination any differences which could manifest themselves when they were illuminated with filtered mono chromatic light, could not be due to intensity se .  The next table (table 10) embodies the results of observations on the effect of exposing fish for the periods stated to filtered light standardized for equivalent intensity as indicated in table 10 by varying the distance of the source. The data show: (a) th at there is no detectable difference between the sensitivity of the " B " and " W " areas of the retina; and (b) that the limits for both are approximately the same as for the human eye, i.e. the visible spectrum of Gasterosteus does not extend significantly beyond the limits 400-700. w, 2-1 (6)
2-2 (6) 2-2 (6) w, 1-7 (12) 1-4 (6) B, 4-3 (6) 4-7 (6) w, 1-5 (6) 1-3 (6) B , 4-3 (6) 4-7 (6) w, 1-9 (6)
2-2 (6) 2-3 (6)
Microscopic structure of the retina
In the absence of evidence pointing to a qualitative difference between the responses of the B and W areas to monochromatic light, histological examination of the retina might still indicate structural differences. We have not yet been able to establish any certain correlation of this kind. The only positive indication which is relevant to the experimental data is the behaviour of the retinal pigment cells. In darkness the latter are contracted towards the choroid and the photoreceptive elements extend outwards in the same direction. In the eye of sticklebacks kept on a white background with overhead illumination, the pigment cells are uniformly expanded, i.e. the pigment is dispersed throughout the cell processes which arborize between the photoreceptive elements, and concentrated at their extremities just below the base of the photoreceptive elements. The latter appear to be somewhat shortened; but such photo-mechanical movement is relatively slight. The condition of the pigment in the eye of a stickleback exposed for a suitable time to overhead illumination on a black background is not uniform. Throughout the B area of figure 7 the condition of the pigment and the photoreceptive elements is as in the eye of a stickleback subjected to overhead illumination on a white background. Elsewhere the pigment is dispersed along the branches between the photoreceptors, but is not concentrated at their extremities. To this extent the behaviour of the pigment cells confirms the analysis of § 5.
Among the photoreceptive elements of the eye of Gasterosteus we have not been able to draw a clear distinction corresponding to the rods and cones of Tetrapoda. Single and twin " cones" occur in both B and W regions. The distance between the choroid and the basement membrane of the B area is shorter than the corresponding distance in the W area. This is associated with the fact th a t the cones of both sorts appear to be shorter in the B area.
L . H o g b e n a n d F . L a n d g re b e 8. Image formation in the eye o r the stickleback
The foregoing analysis of the optical properties of the lens of the eye of Gasterosteus furnishes new information about the localization of images. For reasons explained in § 5 the limits of refraction are roughly the points P and R( figure 10) where the ray which grazes the iris and passes through F ig u r e 10 the centre of the lens strikes the retina. Image formation is therefore restricted to the area defined by P and R and the entire region peripheral to this can only register light and shadow. Within the region PR in figure 10 we can distinguish a ventral segment defined by R and by Q where the critical ray through the centre of the lens strikes the retina. All images of terrestrial, i.e. extra-aquatic, objects are restricted to this segment.
From the standpoint of image formation we may therefore distinguish the following regions of the retina: (а) A small segment QR below the blind spot where images of terrestrial objects are formed.
(б) A central zone PQ for images of subaquatic objects including the bottom of the vessel, pond or river.
(c) A peripheral zone where no clear images are formed. The "B " area is made up of (a) and possibly also of the ventral part of (c). The " W " area corresponds to (6). The possibility of forming simultaneous images of one and the same object in both eyes is excluded by the position of the eyes. Stereoscopic vision is impossible.
I t is natural to ask how far this picture of retinal localization is charac teristic of fishes as a group. A few observations made on the lens of Raia clavata indicated th at its optical properties are substantially the same as those of the lens of Gasterosteus. Owing to the presence of the characteristic dorsal membrane which lies inside the conjunctiva of their eyes, it seems that skates form no images of the extra-aquatic world. W ith one exception the lenses of species from widely divergent families of fishes which we have cursorily examined had the same structural dimensions as th at of the stickleback, consisting of a relatively small, hard, highly refractive core and a thick outer shell. Through the kindness of Dr G. L. Purser we have been able to examine sections of the eye of Calamoichthyes. The lens of Calamoichthyes, like the lenses of other fish, consists of a spherical core and a concentric shell, but the latter constitutes a relatively thin pellicle around the central zone, which makes up the bulk of the lens.
Owing to the great hardness of the core of the lens and the much greater distensibility of the peripheral shell, a muscular ciliary body could have no effect on the refractive properties of a lens such as th at of Gasterosteus or other fishes which we have examined, and would therefore have no selective value. In the evolution of vertebrates the transition from the aquatic to the land habit seems to have been accompanied by the appearance of a new type of lens structure as a necessary preliminary to the tetrapod mechanism of accommodation.
Summary
Chromatic behaviour of Gasterosteus is controlled by a humoral and by a nervous mechanism. The former alone plays any significant part in the transition to the equilibrium condition in darkness. It reinforces nervous control in the transition to the equilibrium condition during background reversal with overhead illumination.
The photoreceptors concerned with the black background response are located in the floor of the retina below the optic nerve, and the photo receptors concerned with the white background response are located in a restricted region in the centre of the retina above and below the optic nerve. W ith respect to colour change the dorsal region of the retina is neutral.
The lens of the eye of Gasterosteus consists of an outer spherical shell and a concentric spherical core. The refractive index of the former, like th at of the vitreous humour, does not differ significantly from that of water. The core which has a high refractive index in the neighbourhood of 1*5 is the effective refractive constituent of the optical system.
In relation to image formation, we may distinguish three regions of the retina: (a) below the optic nerve, a small area where images of extraaqueous objects are focussed; (b) around the optic nerve, a larger region where images of subaqueous objects are formed; (c) a wide band of the periphery where only light and shadow are registered.
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